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LASER OSCILLATOR, OPTICAL COMMUNICATION METHOD AND SYSTEM 
BACKGROUND OF THE INVENTION 

5 Field of the Invention 

The present invention relates to a laser oscillator and an optical communication 
method and system. The invention specifically relates to technology for scrambling 
optical signals, which can be used in a highly reliable optical communication system 
which invalidates illicit activities such as wire-tapping. 
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Description of the Related Art 

In an optical communication system using optical fiber as a transmission medium, 
the communication can be tapped in the same manner as electrical communications using 
electrical wires by locally bending the optical fiber so that the mode of transmitting along 
15 the optical fiber is easily converted to an radiation mode, thereby enabling the light which 
is being transmitted in the optical fiber to be extracted to the outside. Furthermore, a 
communication system using spatial light propagation can easily be tapped by providing 
an optical receiver in the same manner as radio communications. 



20 been enciphered, the possibility remains that the data can be theoretically deciphered. 

For this reason, a desirable communication method is one in which it is difficult to 
demodulate a tapped signal. One conventional proposal for such a communication 
method utilizes quantum-mechanical fluctuations which cannot be artificially reproduced, 
such as the irregularity (chaotic nature) of a laser oscillato^ X a RE g^ mail CERTIFICATE 



When the tapped signal can be demodulated, even in a case where the data has 




For example, in one communication method, laser light having chaotic fluctuation 
is used as the carrier, which data is added to and transmitted, and a part of the signal light 
transmitted is input a laser resonator on the receiving side so that the laser resonator can 
perform synchronous oscillation, whereby the carrier component is extracted and the data 
5 is subsequently demodulated. According to this method, without the aforementioned 
special means for extracting the carrier component, a signal detected by a conventional 
communication method for directly detecting ordinary signal light would always be 
I s * distorted, making it impossible to demodulate the data. 

W;' When extracting the carrier component by inputting signal light to a laser resonator 

f =JlO and performing synchronous oscillation, the light carrier frequency and the oscillating 
□3 frequency of the laser resonator must be aligned with high precision. However, the 

p optical frequency of infrared light used in optical communication is approximately 190 

J*: 

^* THz, which is much higher than the frequency of ordinary electrical and microwave 
|{ communications (several GHz). Consequently, a large amount of change in the 
15 oscillating frequency is caused by fluctuation of the laser resonator (e.g. thermal and 

mechanical fluctuation of the resonator length). Since fluctuation reflects changes in the 
physical properties of the laser resonator, such as change in the refractive index, it has a 
wide band of components. 

In attempting to inject laser light into another laser resonator and perform 
20 synchronous oscillation, the resonant frequency of the laser resonator must be aligned with 
great precision to the light frequency of the injected light. 

However, the laser resonator attempting the synchronous oscillation has fluctuation 
in its own oscillating frequency similar to that of the other laser resonator. As a result, it 
is impossible to guarantee that the resonant frequency of the laser resonator attempting the 



synchronous oscillation will remain within the frequency bandwidth of the other laser 
resonator for a long period of time. 

Furthermore, when the person performing the tapping has means for demodulating 
the signal obtained by synchronous oscillation as described above, conventional methods 
offer no physical means of stopping him from demodulating the tapped signal. 

SUMMARY OF THE INVENTION 

The present invention has been realized in consideration of the above matters. It 
is an object of this invention to increase the reliability of an optical communication system 
by providing an extremely advanced technique for scrambling an optical signal based on 
quantum mechanical fluctuation, thereby invalidating illicit activities such as wire-tapping. 

The optical communication method of the present invention comprises the 
following steps: at a transmitting side, generating laser light, simultaneously oscillated at a 
plurality of wavelengths, the total number of generated photons being constant, and 
transmitting a signal light comprising identical data which has been added to the light of 
the plurality of wavelengths; and at a receiving side, selecting light, simultaneously 
oscillated at the plurality of wavelengths, from the signal light, and demodulating the data. 

Further, the laser oscillator of this invention outputs laser light oscillated 
simultaneously at a plurality of wavelengths, the total number of generated photons being 
constant. 

A transmitter of this invention comprises a plurality of laser oscillators which 
output laser light oscillated simultaneously at a plurality of wavelengths, the total number 
of generated photons being constant; a plurality of optical modulators which add identical 
data to the laser light, output by the plurality of laser oscillators, and output optical signals; 



and a coupler which multiplexes the plurality of optical signals, output by the plurality of 
optical modulators, and transmits a wavelength-multiplexed signal. 

A receiver of this invention comprises selectors which receive wavelength- 
multiplexed optical signals from a transmission path, the optical signals being transmitted 
by adding identical data to a plurality of laser lights oscillating simultaneously at a 
plurality of wavelengths, the total number of generated photons being constant, and select 
combinations of a plurality of simultaneously oscillated wavelength components from the 
wavelength components contained in the optical signals; a coupler which multiplexes light 
of the selected combinations of a plurality of simultaneously oscillated wavelength 
components; and demodulators which demodulate data by directly detecting the 
multiplexed light. 

An optical communication system of this invention comprises a transmitter which 
generates laser light by using a laser resonator, which generates photons by stimulated 
emission centering on a plurality of windows, provided on a wavelength axis, the 
transmitter comprising an optical negative feedback element for keeping the total number 
of generated photons constant, and using an optical modulator to add data to the laser light 
and transmit a signal light; a transmission path which the signal light, transmitted from the 
transmitter, is transmitted along; and a receiver which receives the signal light from the 
transmission path, and demodulates the data based on an optical signal having wavelength 
components corresponding to the plurality of windows contained in the signal light. 

This invention uses quantum fluctuation to separate a signal light into two or more 
noises, which are difficult to reproduce by artificial methods. Consequently, when 
receiving only one wavelength, it is only possible to detect chaotic noise components. 
Therefore, data demodulation by tapping can be almost completely prevented. 



Furthermore, after one signal light has been separated into multiple wavelength 
components, these are transmitted along different paths, and consequently, the possibility 
of demodulating the data by tapping is also made completely physically impossible, 
whereby a communication services which are extremely reliable can be provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing the constitution of a laser oscillator according to 
a first embodiment of the present invention; 

FIG. 2 is a block diagram showing an optical communication method according to 
a second embodiment of the present invention; 

FIG. 3 is a block diagram of a transmitting side showing an optical communication 
method according to a third embodiment of the present invention; 

FIG. 4 is a block diagram of a receiving side showing the optical communication 
method according to the third embodiment of the present invention; 

FIG. 5 is a diagram using photon statistics to show properties of laser light in 
single peak mode oscillating simultaneously at different wavelengths; 

FIG. 6 is a diagram using photon statistics to show properties of laser light in 
single peak mode oscillating simultaneously at different wavelengths; 

FIG. 7 is a block diagram of the constitution of a receiving side showing an optical 
communication method according to a fourth embodiment of the present invention; 

FIG. 8 is a block diagram of the constitution of a receiving side showing an optical 
communication method according to a fifth embodiment of the present invention; 

FIG. 9 is a block diagram showing the constitution of a laser oscillator according to 
a sixth embodiment of the present invention; 



FIG. 10 is a block diagram showing the constitution of a laser oscillator according 
to a seventh embodiment of the present invention; 

FIG. 1 1 is a block diagram showing the constitution of a laser oscillator according 
to an eighth embodiment of the present invention; 

FIG. 12 is a block diagram showing an optical communication system according to 
a ninth embodiment of the present invention; 

FIG. 13 is a block diagram showing an optical communication system according to 
a tenth embodiment of the present invention; 

FIG. 14 is a diagram showing experimental results of the present invention; and 

FIG. 15 is a diagram showing experimental results of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Embodiments of the present invention will be explained in detail using the 
drawings. The explanations of each of the following embodiments take as an example a 
case where two wavelengths are simultaneously laser-oscillated, but the invention can 
similarly be applied in cases where three or more wavelengths are simultaneously laser- 
oscillated. 

Firstly, the basic principles of the embodiments of the invention will be explained 
with reference to FIGS. 5 and 6. It is possible to explain the properties of laser light 
(laser light oscillated simultaneously at multiple wavelengths) in single peak modes that 
oscillates simultaneously at different wavelengths by means of photon statistics. 

Photon statistics are statistics relating to the frequency of numbers of photons, 
counted by an observation system which counts the photons in a finite time slot T (see FIG. 
6), and, as shown in FIG. 5, a sine wave electromagnetic wave which is coherent light has 



theoretically Poisson distribution. The fact that the photon statistics of the wave have 
Poisson distribution signifies that the total number and flow quantity (corresponding to the 
strength of the laser light) of the generated photons is constant. On the other hand, 
chaotic light such as white light has Bose-Einstein distribution. In Bose-Einstein 
distribution, the smaller the statistical count value, the higher the frequency of the number 
of photons, and there is a high probability that photons will not be observed. Bose- 
Einstein distribution is similar to the distribution of spontaneous emission light, which is 
one type of thermal distribution. On the other hand, photon statistics of imperfect chaotic 
light have a composite Poisson distribution which is midway between Poisson distribution 
and Bose-Einstein distribution. 

As shown in FIG. 6, laser light oscillated simultaneously at two wavelengths 
generates a stable photon train in the same manner as an ordinary single-mode laser, and 
consequently, when the photon wavelengths (separated into white and black) are regarded 
carelessly, its photon statistics comply with Poisson distribution in the same manner as a 
conventional single-mode laser. However, when photon statistics are taken for each 
wavelength, the question of which wavelength the laser oscillator is generating photons at 
is completely (or almost completely) quantum mechanically confused, and consequently, 
the distribution of light of each wavelength complies with photon statistics of Bose- 
Einstein distribution (or composite Poisson distribution) corresponding to chaotic light. 

Therefore, as described above, by using an optical filter to multiplex and 
demultiplex laser light, generated by a laser oscillator which oscillates light 
simultaneously at two wavelengths, the distribution can easily be shifted from a stable 
state to a disordered state, and vice versa. 

In the embodiments of the present invention, these ordered and disordered states of 
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the light are used in quantum-mechanical scrambling of optical signals. Data is 
modulated and demodulated in the ordered state, and optical signals are transmitted in the 
disordered state. Therefore, an optical signal which has been tapped during transmission 
will be in a state of quantum-mechanical disorder, making it impossible to demodulate the 
data by any artificial method. 

Embodiment 1 

FIG. 1 shows the constitution of a laser oscillator according to a first embodiment 
of the present invention. As shown in FIG. 1, a semiconductor light amplifier 1 is 
provided as a light-amplifying medium having gain saturation characteristics, and 
comprises isolators 4, which are connected to the input and output of a semiconductor 
light-amplifying element 2 (optical negative feedback element), comprising a 
semiconductor waveguide, with collimating lenses 3 therebetween, the lenses 3 forming a 
collimate beam 6, and two additional lenses 3 which couple the semiconductor light 
amplifier 1 to optical fibers 5. 

The semiconductor light-amplifying element 2 amplifies light by stimulated 
emission in the same manner as a semiconductor laser, but has features for blocking end- 
face reflection, such as an anti-reflection coat and diagonal emission faces. A window 
structure having a band-gap is provided in order to reduce the rate of absorption near the 
emission faces, and prevents damage to the end-face caused by amplified light. The 
isolators 4 not only block the return of the light, but also prevent unwanted spontaneous 
emission light, generated by the semiconductor light-amplifying element 2, from spreading 
throughout the laser oscillator 20, and thus function as traveling-wave light amplifiers 
which allow light to be transmitted in one direction only. 
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The light path is divided by providing a directional coupler 7 as a demultiplexer via 
the optical fiber 5 to the emission side of the semiconductor light amplifier 1 . To each of 
the divided branches are provided an optical band pass filter 8, a polarization controller 9 
for arranging the polarization plane of light which is transmitted along each of the divided 
paths, a power monitor 10, and a variable optical attenuator 1 1 . The light transmitted 
along each of the divided paths are multiplexed by a directional coupler 18 which 
multiplexes and demultiplexes light, one output thereof being connected to the input of the 
semiconductor light amplifier 1 and thereby forming a laser resonator with ring topology, 
and the other output being used as laser light output. 

Each of the power monitors 10 comprises a half-mirror 13, provided midway along 
the collimate beam formed by a lens 12, and a PD (photodiode) 14 which receives the light 
reflected by the half-mirror 13, and outputs an electrical signal corresponding to the 
strength of the light. Since one power monitor 10 is provided for each branch, it is 
possible to monitor power in correspondence with the transmission center wavelength of 
the optical band pass filter 8 provided to each branch. 

A power controller 15 calculates the difference in power between the oscillating 
wavelengths based on the optical strength (monitor signal 16) of light of each wavelength 
detected by the power monitors 10, and generates an attenuator control signal 17 for 
controlling the amount of attenuation of the variable optical attenuator 1 1 so that the 
difference becomes zero. The variable optical attenuator 1 1 receives the attenuator 
control signal 17 and speedily changes the amount of attenuation accordingly, thereby 
realizing the laser oscillator 20 which is capable of equal-output simultaneous multiple- 
wavelength laser oscillation. 

Incidentally, the reason for making the power equal at all oscillating wavelengths is 
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as follows. For example, in the case of simultaneous laser oscillation at two wavelengths, 
when there is a discrepancy between the powers at the two oscillating wavelengths, the 
statistical distribution of the photons at the oscillating wavelength with higher power 
changes from Bose-Einstein distribution to Poisson distribution. In an extreme case, 
5 when the power of one oscillation wavelength approaches or reaches zero, the statistical 
distribution of photons at the other oscillation wavelength becomes the same as in 
conventional laser oscillation and can easily be tapped. That is, when there is a 
difference in the power between the oscillating wavelengths, the statistical distribution of 
q the photons changes and quantum noise decreases, reducing the secrecy of the data and 
^410 making it easier to tap. Therefore, the power at all oscillating wavelengths should 

P preferably be made equal as far as is possible. 

03- 

JL The total output of multiple- wavelength laser light which has been generated in 

L this way is almost coherent and has photon statistics of Poisson distribution, but the 
q individual wavelength components have photon statistics in compliance with disordered 
1 5 Bose-Einstein distribution and substantially disordered composite Poisson distribution (i.e. 
completely, or substantially, chaotic light). The reason why light at each wavelength of 
the laser light oscillated at multiple wavelengths becomes chaotic, or substantially chaotic, 
is as follows. 

In a case where there is no correlation between the photons which form the photon 
20 trains, even when a beam of laser light having Poisson distribution photon statistics has 
been divided, the photon statistics of the branched laser light will comply with Poisson 
distribution. When the laser light is used as a communication carrier, attenuation of the 
signal during transmission has little adverse effect on the SN ratio (signal to noise ratio), 
and consequently the original signal can be restored by optical amplification. Therefore, 
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although the SN ratio deteriorates slightly, multi-relay long-distance transmission using 
optical amplification is possible. 

In contrast, according to the laser of the present embodiment oscillating at two 
wavelengths (e.g. wavelengths Xu and In), when photons at the wavelength In have been 
generated by stimulated emission, the wavelength of subsequently generated photons is 
more likely to be X\ j than \\ 2 - This signifies that there is temporal correlation between 
photons forming the photon train in the laser of this embodiment. It is believed that such 
correlation between photons makes the light at each wavelength of the multiple- 
wavelength laser oscillation chaotic, or substantially chaotic. One example of a 
probability process which closely resembles the above phenomenon occurs at a store 
where there are two queues, one long and one short, and people are more likely to join the 
shorter queue. 

By using a continuous variable-wavelength filter as the band pass filter 8, laser 
light can be oscillated at any wavelengths. 

Incidentally, in the laser oscillator 20 with ring topology described above, all the 
optical fibers may be replaced by polarization-maintaining fibers. In this case, when the 
laser resonator having the above constitution is provided by connecting the polarization- 
maintaining fibers while adjusting the polarization plane to the optimum (i.e. adjusting the 
polarization so as to maximize the optical output of the laser oscillator 20), similar effects 
can be obtained while omitting the polarization controller 9. 

Furthermore, in the above description, the total laser light output complies with 
Poisson distribution, but the constitution is not limited to this. Normally, the statistical 
distribution of the sum of the photons in all modes when the laser is oscillating complies 
with Poisson distribution. However, when the laser oscillator operates slightly below the 
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threshold of laser oscillation, the statistical distribution is not Poisson distribution but 
becomes a sub-Poisson distribution which is narrower than the Poisson distribution shown 
in FIG. 5. This sub-Poisson distribution achieves the same effects as Poisson distribution. 

5 Embodiment 2 

FIG. 2 is a block diagram showing an optical communication method according to 
a second embodiment of the present invention. As shown in FIG. 2, an optical 

iU communication system is provided with a transmitting section, a receiving section, and a 

o 

D transmission path 28 therebetween. The transmitting section comprises, for example, a 

4° 

£ 10 plurality of laser oscillators 20 according to the first embodiment, which generate laser 

SS light (at two simultaneous wavelengths laser oscillation in this example) such as Xn, X-a (i 

p =1,2, ...n). The 2n wavelengths are set to different values. Optical modulators 21 

p 

M : create optical signals by encoding simultaneously at two wavelengths based on data to be 

t 

E* transmitted, and a multiplexer 23 multiplexes the optical signals and transmits them in a 

PJ 

15 single transmission via the transmission path 28. 

In the receiving section, a demultiplexer 24 temporarily demultiplexes all the 
wavelength components. A wavelength multiplexer/demultiplexer using an array 
waveguide grating, for example, be used as the demultiplexer 24. Since the wavelengths 
which can be filtered-out are determined in advance, the oscillating wavelengths of the 
20 laser oscillators 20, provided in the transmitting section, must be adjusted beforehand to 
the wavelength of the filtered-out light in the receiving section. 

Then, a 2 x N optical switch 25 is provided after the demultiplexer 24, and selects 
the two wavelengths generated by the original laser oscillator 20 from among the 
wavelength components X u 1 2 , ■-, A-n, demultiplexed by the demultiplexer 24. The 
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optical outputs corresponding to the selected wavelengths are multiplexed by a directional 
coupler 26. One output from the directional coupler 26 is input to a photodiode 27 which 
directly detects it, and the data is demodulated. A relationship of N = 2n is established 
between the above wavelengths X n to ha and h to hi, and there is one-to-one 
correspondence between the each wavelength (e.g. ^2) of the transmitting section and any 
one of the wavelengths of the receiving section (e.g. h)- 

Data representing which wavelengths to choose is agreed on in advance as secret 
information at the transmitting and receiving sections. Only noise can be detected when 
a signal is independently received at each wavelength. Consequently, unless the above 
agreement is known, it is not easy to select the correct wavelengths from the great number 
of multiplexed optical signals. 

Embodiment 3 

FIGS. 3 and 4 are diagrams showing an optical communication method according 
to a third embodiment of the present invention. FIG. 3 shows the constitution of a 
transmitting section, which is the same as the second embodiment in that it comprises a 
plurality of units for obtaining optical signals by using optical modulators 21 to encode 
data to be added to laser light from the laser oscillators 20, simultaneously oscillated at 
two wavelengths. 

The multiplexer 23 multiplexes the optical signals, and the demultiplexer 24 
demultiplexes them into their separate wavelength components h, X 2 , hi. Thereafter, 
anNxN optical switch 31 rearranges the simultaneously oscillation wavelengths h\, hi (i 
= 1,2, n) by dividing them into two wavelength groups l u , hu ■-, h\ and hi, hi, —, 
'ha. Moreover, two multiplexers 32 and 33 create wavelength-multiplexed signals by 
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multiplexing each of the two wavelength groups, and transmit them along independent and 
equidistant optical paths, comprising transmission paths 34 and 35. In equidistant 
transmission, a difference in distance which is shorter than the coherence length can be 
tolerated as error. 

FIG. 4 shows the constitution of the receiving section which demodulates the data 
from the two wavelength-multiplexed signals. As shown in FIG. 4, in the receiving 
section, the two wavelength-multiplexed signals which have been transmitted along the 
transmission paths 34 and 35 are multiplexed by a directional coupler 36, and then divided 
into wavelength components X\, X2, by a demultiplexer 37 such as an array 
waveguide grating. Thereafter, a 2 x N optical switch 38, provided after the 
demultiplexer 37, selects a pair of wavelengths corresponding to the two wavelengths 
originally generated by the laser oscillators 20 from the wavelength components X\, X 2 , 
%h, which have been demultiplexed by the demultiplexer 37. A directional coupler 39 
multiplexes the pair of wavelengths, and a PD 40 demodulates the data by direct detection. 
At this time, the correct combination of wavelengths is notified to the receiving section 
beforehand as secret information, in the same manner as in the second embodiment. 

In the above-mentioned third embodiment, due to the physical separation of the 
transmission paths 34 and 35, the pair of optical signals at two wavelengths can no longer 
be obtained simultaneously, and consequently it is possible to completely prevent the data 
from being illicitly obtained by tapping. 

Embodiment 4 

The fourth embodiment is a modification of the receiving section in the optical 
communication system shown in FIG. 2 (second embodiment). FIG. 7 is a block diagram 
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showing the constitution of the receiving section according to the fourth embodiment. In 
FIG. 7, the same parts as those shown in FIG. 2 are represented by the same reference 
numerals. This embodiment is characterized in that a polarization controller is provided 
on each of the paths which link the 2 x N optical switch 25 to the directional coupler 26 
shown in FIG. 2. 

As already described in the first embodiment, according to the laser oscillator 20 
shown in FIG. 1 , the polarization plane of light, which travels along divided optical paths, 
is arranged by using the polarization controller 9. Therefore, when transmitting the 
wavelength-multiplexed signals along a single transmission path 28 (single optical fiber) 
as shown in FIG. 2, no polarization controller is required, since the polarization planes 
change simultaneously. Nevertheless, on the receiving side, there is a possibility that the 
polarization plane will change due to the different polarization characteristics at each 
wavelength, whereby the polarization plane will be different at each wavelength. The 
polarization controller must be provided in order to compensate the difference. 

In FIG. 7, a directional coupler 41 and wavelength-selecting filters 42 and 42 
correspond to the demultiplexer 24 and the 2 x N optical switch 25 of FIG. 2. That is, the 
directional coupler 41 divides the wavelength-multiplexed signals from the transmission 
path 28 into two directions, and the wavelength-selecting filters 42 and 42 select 
wavelength components of the wavelengths Xn and X i2 . Consequently, two wavelength 
components are selected and demultiplexed into wavelength components in the same way 
as in FIG. 2. Polarization controllers 43 and 43 arrange the polarization planes of the 
wavelength components, output from the wavelength-selecting filters 42 and 42, and 
transmit them to the directional coupler 26. An optical amplifier 44 amplifies the 
wavelength-multiplexed signal, which has been multiplexed by the directional coupler 26, 
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and outputs to an optical detector 45. The optical detector 45 corresponds to the PD 27 
shown in FIG. 2, and directly detects the output of the optical amplifier 44 and converts it 
to an electrical signal. A demodulating circuit 46 demodulates the data transmitted by the 
transmitting side based on the electrical signal, output from the optical detector 45. 
5 Incidentally, the optical amplifier 44 and the demodulating circuit 46 are omitted in FIG. 2. 

Embodiment 5 

iU The fifth embodiment provides another modification of the receiving section in the 

C3 optical communication system shown in FIG. 4 (third embodiment). FIG. 8 is a block 
IflO diagram showing the constitution of the receiving section according to the fifth 
S~ embodiment. In FIG. 8, the same parts as those shown in FIGS. 4 and 7 are represented 
f i by the same reference numerals. This embodiment is characterized in that, in addition to 

hi: 

M: the polarization controllers 43 on the two paths in the same way as in the fourth 
P embodiment, delay circuits, comprising variable delay lines and the like, are provided each 
15 of the paths which link the 2 x N optical switch 38 to the directional coupler 39 shown in 
FIG. 4. 

In a case such as that shown in FIG. 4, where the wavelengths are divided for each 
path and wavelength-multiplexed signals are transmitted on different transmission paths, 
there is a possibility that the polarization characteristics will differ at each wavelength in 
20 the receiving section, as described in the fourth embodiment. For this reason, the 

polarization controllers 43 are similarly provided on each path in the present embodiment. 

Furthermore, when dividing the wavelengths for each path and transmitting 
wavelength-multiplexed signals on different transmission paths in the manner already 
described, there is a possibility that the polarization planes of the light being transmitted 
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on each path will deviate from each other. Here, in the third embodiment described 
above, light of two wavelength components selected on the receiving section are 
transmitted equidistantly so that they will be detected simultaneously, keeping the total 
strength of the light of these Wavelength components at a constant value. However, there 
5 is a possibility that the transmission times on each path will differ as a result of differences 
in the transmission distances and the like of each path. In such a case, it becomes 
impossible to keep the total strength of light transmitted along multiple paths at a constant 
value. The above-mentioned delay circuits must be provided to compensate the 
difference. 

10 In FIG. 8, the wavelength-selecting filters 42 and 42 correspond to the directional 

coupler 36, the demultiplexer 37, and the 2 x N optical switch 38 of FIG. 4. That is, the 
wavelength-selecting filters 42 and 42 select wavelength components of the wavelengths 
Xi] and Xi 2 from the wavelength-multiplexed signals which have been transmitted along the 
transmission paths 34 and 35 respectively. Variable delay lines 47 and 47 delay the 

15 optical signals of each wavelength component, selected by the wavelength-selecting filters 
42 and 42, so that the optical signals of these wavelength components reach the 
polarization controllers 43 and 43 simultaneously. The constitution and operation 
subsequent to the polarization controllers 43 are the same as the fourth embodiment. 

The polarization controllers 43 and the variable delay lines 47 are both provided in 

20 FIG. 8, but the constitution is not restricted to this, and they may be provided as required. 
Therefore, it is acceptable to provide the polarization controllers 43 without the variable 
delay lines 47. Alternatively, the polarization controllers 43 may be omitted and only the 
variable delay lines 47 are provided. 
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Embodiment 6 

FIG. 9 is a block diagram showing the constitution of a laser oscillator according to 
a sixth embodiment of the present invention, which comprises a fiber ring construction. 
In FIG. 9, the parts which are the same as those in FIG 1 (first embodiment) are 
5 represented by the same reference numerals. Parts corresponding to the lenses 3 and the 
lenses 12 of FIG. 1 are not provided in this embodiment. In FIG. 1 , the isolators 4 are 
provided at the input and output sides of the semiconductor light-amplifying element 2, 
but in the present embodiment, the isolator 4 is provided only at the output side of the 
semiconductor light-amplifying element 2. 

10 Furthermore, in this embodiment, a polarization controller 51 and a fiber amplifier 

52 are provided between the output of the directional coupler 18 and the input of the 
semiconductor light-amplifying element 2. The polarization controller 5 1 adjusts the 
polarization plane of light, transmitted along the optical fiber 5, to that of the 
semiconductor light-amplifying element 2. The fiber amplifier 52 amplifies the light, 

1 5 which attenuates as it passes around the fiber ring. In addition, the half-mirrors 1 3 of FIG. 
1 are replaced in this embodiment by optical dividers 53. The operation of the laser 
oscillator of this embodiment will not be explained, since it is basically the same as that of 
the laser oscillator of the embodiment shown in FIG. 1. The fiber amplifier 52 may be 
omitted when the laser output is sufficiently strong without it. 

20 

Embodiment 7 

FIG. 10 is a block diagram showing the constitution of a laser oscillator according 
to a seventh embodiment of the present invention, which comprises a spatial ring 
construction. In FIG. 10, the parts which are the same as those in FIG 1 (first 
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embodiment) are represented by the same reference numerals. In the seventh 
embodiment, the optical signal is not transmitted along an optical fiber 5, as in the first 
embodiment, but are transmitted through space, with six mirrors 61 forming a 
transmission path for the optical signals. The directional coupler 7 of FIG. 1 is replaced 
in this embodiment by a beam splitter 62, which divides the optical path in two. 

Moreover, in this embodiment, the directional coupler 1 8 of FIG. 1 is replaced in 
this embodiment by a beam splitter 63. The optical signals, which have been transmitted 
along the divided optical paths, are multiplexed; one output is returned to the spatial ring, 
and the other output is extracted as laser output. Since there is no rotation of polarization 
in a spatial system such as that of this embodiment, there is no need to provided 
polarization controllers such as the polarization controllers 9 shown in FIG. 1 . A 
constitution similar to that comprising the lenses 12, the half-mirrors 13, the PD 14, and 
the power controller 15 shown in FIG. 1, may be provided in order to adjust the amount of 
attenuation of the variable optical attenuator 11, though such a constitution is not 
illustrated in FIG. 10. 

The laser oscillator of this embodiment is functionally equivalent to that of the first 
embodiment. The optical signal is output from the semiconductor light-amplifying 
element 2, and sequentially reflected by the mirrors 61 and 61 via the lens 3; thereafter, the 
signal passes the isolator 4 and is split in two by the beam splitter 62. One of the split 
beams of light is reflected by the mirror 61, the reflected light is attenuated to a 
predetermined amount by the variable optical attenuator 11, and the band pass filter 8 
selects, for example, the wavelength component Xn . The other split beam is attenuated 
by the variable optical attenuator 11, and is reflected by the mirror 61 after the band pass 
filter 8 has selected, for example, the wavelength component X i2 . The beam splitter 63 
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multiplexes the optical signals of the selected wavelength components h\ and Xj2, part of 
which is extracted as laser output, the remainder being sequentially reflected by the 
mirrors 61 and 61 and input via another lens 3 to the semiconductor light-amplifying 
element 2. 

Embodiment 8 

FIG. 1 1 is a block diagram showing the constitution of a laser oscillator according 
to an eighth embodiment of the present invention, which comprises a Fabry-Perot 
construction. In FIG. 1 1 , the parts which are the same as those in FIG 1 (first 
embodiment) and FIG. 10 (seventh embodiment) are represented by the same reference 
numerals. In the seventh embodiment, the isolator 4 is provided since the optical signal 
is transmitted around the spatial ring in only one direction, but in the eighth embodiment, 
the isolator is not required since mirrors are used to send the optical signal back in the 
other direction. A section corresponding to the polarization controller 9 is not required 
either, since the eighth embodiment uses spatial transmission. 

In this embodiment, the beam splitters 62 and 63 of FIG. 10 are replaced by a beam 
splitter 71 . The beam splitter 71 splits the optical signal, output from the semiconductor 
light-amplifying element 2 via the lens 3, into two paths, and multiplexes the optical 
signals when they return from the two paths, outputting them via a lens 3 to the 
semiconductor light-amplifying element 2. In FIG. 10, the beam splitter 63 extracts the 
laser output from the spatial ring, but in the eighth embodiment, a half-mirror 72 is 
provided on the opposite side of the semiconductor light-amplifying element 2 from the 
beam splitter 71 . The half-mirror 72 extracts part of the optical signal, output via the lens 
3 from the semiconductor light-amplifying element 2, and returns the remainder to the 
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semiconductor light-amplifying element 2. As in the seventh embodiment, a circuit for 
adjusting the amount of attenuation of the variable optical attenuator 1 1 may be provided. 

The laser oscillator of this embodiment is functionally equivalent to that of the first 
and seventh embodiments. The optical signal, output from the semiconductor light- 
amplifying element 2, passes the lens 3 and is split by the beam splitter 71 . As in the 
seventh embodiment, the band pass filters 8 select wavelength components from the split 
beams of light, and they are attenuated to a predetermined amount by the variable optical 
attenuator 11. Thereafter, the two optical signals are reflected by the mirrors 61 and 61, 
and then transmitted back along the paths they have just traveled to the beam splitter 71, 
which multiplexes them; then, the beam passes the lens 3 and is input to the 
semiconductor light-amplifying element 2. Some of the light which is output from the 
semiconductor light-amplifying element 2 is extracted as laser output by the half-mirror 72, 
the remainder being reflected back to the semiconductor light-amplifying element 2. As 
in the seventh embodiment, a circuit for adjusting the amount of attenuation of the variable 
optical attenuator may be provided. 

Embodiment 9 

FIG. 12 is a block diagram showing the constitution of an optical communication 
system according to a ninth embodiment of this invention, comprising a network using 
optical ring topology. In FIG. 12, reference numerals 101 to 106 represent nodes which 
comprise an optical ring network, and each of the nodes comprises the transmitting section 
and receiving section (unillustrated in FIG. 12) which were described in the previous 
embodiments. Alternatively, each node may comprise either a transmitting section or 
receiving section only. Reference numeral 107 represents an optical fiber which 
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comprises the variable delay line 47 shown in FIG. 8. 

Reference numerals 111 and 1 12 represent logical paths which the wavelength 
components are transmitted along on the optical ring network. For example, supposing 
that the node 101 outputs a signal light comprising the wavelength components X\\ and X\ 2 , 
the wavelength component X\ \ passes around the path 1 1 1 in the clockwise direction, 
while the wavelength component Xn travels in the opposite direction from the wavelength 
component X n (counter-clockwise direction) on the path 1 12. Incidentally, the paths 1 1 1 
and 112 may be realized by a single optical fiber, or by two different optical fibers. 

Now let us suppose that data is transmitted from the node 101 to the node 103. 
The node 101 on the transmitting side adds the data to the optical signals, and, when the 
signal light comprising the wavelength components X n and Xn are transmitted to the paths 
1 1 1 and 1 12 respectively, the optical signals pass around the paths 1 1 1 and 1 12. When 
the optical signal comprising the wavelength component X u is extracted from the path 111, 
the extracted signal is noise as shown by reference numeral 113, and the data cannot be 
demodulated. The result is the same when the optical signal comprising the wavelength 
component X i2 is extracted from the path 1 12, as shown by reference numeral 1 14. On 
the other hand, since the node 103 on the receiving side has been notified in secret 
information to select the wavelength components X n and X i2 , the node 103 can obtaining 
an optical signal without noise, as shown by reference numeral 1 15, by selecting the 
wavelength components X n and X n and multiplexing them, thereby the data can be 
demodulated. 

Embodiment 10 

FIG. 13 is a block diagram showing the constitution of an optical communication 
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system according to a tenth embodiment of the present invention, comprising a network 
with star topology. In FIG. 13, reference numerals 121-1 to 121 -N represent nodes which 
comprise an optical star network, and each of the nodes has a transmitter 122 and a 
receiver 123, comprising the transmitting and receiving sections which were described in 
the previous embodiments. The transmitters 122 transmit optical signals of wavelength 
components which are unique to each node. That is, the node 121-1 transmits an optical 
signal of the wavelength components X n and Xn, and so on, the node 121-N transmitting 
an optical signal of the wavelength components X m and A, N2 . Reference numeral 124 
represents an N x N star coupler, which can be realized by combining, for example, N x 1 
star couplers 125 and 126. 

When the node 121-1 outputs an optical signal of the wavelength components X n 
and X n , which data has been added to, this optical signal is transmitted via the N x 1 star 
coupler 125 to the N x 1 star coupler 124, which distributes the optical signal to all the 
nodes 1 2 1 - 1 to 1 2 1 -N. Similarly, the optical signals of the wavelength components X 2 i to 
Xm, output from the nodes 1 2 1 -2 to 1 2 1 -N, are transmitted to all the nodes. Then, the 
nodes which have been notified in secret information to select the wavelength components 
X n and X u select these wavelength components from the optical signals, received by the 
receivers 123, and can demodulate the data transmitted from the node 121-1 by 
multiplexing the wavelength components X\ \ and X\ 2 and directly detecting the optical 
signal. 

The above embodiments can, of course, be combined. 

Experimental Example 

FIG. 14 is a diagram showing measurements of laser light which was output from a 
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laser oscillator, provided on a transmitting side. The graph at the left end relates to the 
total output of laser light, and shows the time waveform (horizontal axis: time, vertical 
axis: light strength {in arbitrary units}) and the power spectrum (horizontal axis: 
frequency, vertical axis: probability distribution function {PDF} counts). The graph 
shows a power spectrum having Poisson distribution similar to that of normal laser 
oscillation. The wavelength components in the output light are set to 1585 {nm} (ch.l in 
FIG 14) and 1 565 {nm} (ch. 2 in FIG. 14). The center and right-end graphs show the 
time waveforms and power spectra for the ch.l and ch.2 sides when they are split in two, 
chaotic light being detected in both cases. 

FIG. 1 5 is a diagram showing measurements when optical signal from two split 
paths was multiplexed at the receiving side and directly detected, and shows time 
waveform and power spectra as in FIG. 14. As shown in FIG. 15, the strengths of the 
two wavelength components are substantially equal, and, although the optical strength is 
less than that of the transmitting side, the spectrum has approximately the same Poisson 
distribution as the transmitting side. Since the data was not modulated in the experiment, 
the eye pattern is not observed in FIGS. 14 and 15, but can be observed by modulation. 



